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Lao.6Gdo.2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  hydrogen  storage  alloys  were  prepared  by  induction  melting 
followed  by  annealing  treatment  at  1173  K  for  8  h.  The  effects  of  substitution  A1  for  Co  on  the  micro¬ 
structures  and  electrochemical  performances  were  studied  systematically.  The  structure  analyses  show 
that  all  alloys  consist  of  multiphase  structures  such  as  (La,  Mg)2Ni7  phase,  (La,  Mg)  Ni3  phase  and  LaNis 
phase.  The  abundance  of  (La,  Mg)2Ni7  phase  decreases  while  the  abundance  of  LaNi5  phase  and  (La,  Mg) 
Ni3  phase  increases  directly  as  the  A1  content  increasing.  The  electrochemical  tests  show  that  the 
maximum  discharge  capacity  of  alloy  electrodes  are  almost  unchanged  when  x  <  0.2  while  the  cyclic 
stability  of  the  alloy  electrode  are  improved  significantly  after  proper  amount  of  A1  substitution  for  Co. 
The  alloy  electrode  with  x  =  0.1  exhibits  the  better  balance  between  discharge  capacity  and  cycling  life 
than  any  others.  Moreover,  at  the  discharge  current  density  of  900  mA  g-1,  the  high  rate  dischargeability 
(HRD)  of  the  alloy  electrodes  decreases  with  increasing  A1  substitution  and  the  relative  analyses  reveal 
that  the  charge  transfer  on  alloy  surface  is  more  important  than  the  hydrogen  diffusion  in  alloy  bulk  for 
the  kinetic  properties  of  the  alloy  electrodes. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  many  advantages  such  as  high  energy  density,  per¬ 
fect  activation  properties  and  environmentally  friendliness,  Ni/MH 
batteries  have  been  occupying  a  large  market  share  in  secondary 
battery  filed.  As  negative  electrode  material  of  Ni/MH  batteries,  the 
conventional  rare  earth-based  ABs-type  hydrogen  storage  alloys 
which  have  been  commercialized  suffer  from  low  discharge  ca¬ 
pacity  (320  mAh  g_1)  due  to  its  CaCus-type  crystal  structure.  The 
newly  La-Mg-Ni  system  hydrogen  storage  alloys  such  as  A2B7- 
type  and  AB3-type  alloys  are  considered  to  be  the  most  promising 
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candidates  to  replace  ABs-type  alloys  because  of  the  higher 
discharge  capacity  (400  mAh/g)  [1-3  .  However,  it  is  necessary  to 
improve  the  cyclic  durability  of  this  kind  of  alloy  in  the  alkaline 
electrolyte  for  the  practical  application.  Element  substitution  has 
been  proved  to  be  an  effective  way  to  improve  the  overall  elec¬ 
trochemical  properties  of  hydrogen  storage  alloys.  Among  the 
substitution  elements,  Co  is  thought  to  play  an  important  role  to 
improve  the  cycle  life  of  La-Mg-Ni  system  hydrogen  storage  alloys 
because  it  can  increase  the  corrosion  resistance  of  the  electrodes  in 
the  alkaline  electrolyte  [4,5  .  Notten  [6]  confirmed  that  Co  addition 
can  effectively  improve  cycle  life  of  MH/Ni  secondary  batteries.  Liu 
[7]  reported  that  the  cycling  stability  of  Lao.7Mgo.3Ni3.4_xMno.1COx 
(x  =  0-1.3)  alloy  electrodes  was  markedly  improved  from  25.5% 
(x  =  0)  to  61.3%  (x  =  1.3)  after  90  cycles  because  of  the  lower 
oxidation/corrosion  rate  with  Co  addition.  Actually,  the  effects  of  Co 
substitution  for  Ni  on  electrochemical  properties  of  La-Mg-Ni 


22 


R.  Li  et  al.  /  Journal  of  Power  Sources  270  (2014)  21—27 


system  hydrogen  storage  alloys  have  been  studied  extensively. 
However,  the  cycle  life  of  this  kind  of  alloy  still  not  meets  the  de¬ 
mands  of  the  market  by  simply  Co  substitution.  Moreover,  Co  is  the 
most  expensive  element  in  such  alloys  which  resists  the  further 
commercial  application.  Consequently,  for  La-Mg-Ni  system  al¬ 
loys,  it  is  important  to  find  an  effective  way  to  improve  the  cycle  life 
further  and  decrease  Co  content.  Al  is  another  key  substitution 
element  to  improve  the  cyclic  stability  of  hydrogen  storage  alloys 
which  is  much  more  cheaper  than  Co.  Partially  substituting  Ni  with 
Al  can  prolong  the  cycling  life  of  the  hydrogen  storage  alloy  elec¬ 
trodes  because  of  forming  a  dense  oxide  film  which  can  prevent 
alloys  from  further  corrosion  in  KOH  electrolyte,  however,  the 
discharge  capacity  of  the  alloy  electrodes  decreases  too  much  after 
Al  substitution  8-10].  Dong  [11  revealed  that  Al  substitution 
could  prolong  the  cyclic  lifetime  of  the  La-Mg-Ni  system  alloy 
electrodes  from  55.45%  to  70.08%  after  100  cycles  while  the 
maximum  discharge  capacity  decreased  from  401.8  mAh/g  to 
373.7  mAh/g.  Liao  [12]  found  that  the  cycling  stability  of  the 
La-Mg-Ni  system  alloy  electrodes  could  be  improved  further  by  Al 
substitution  than  by  some  other  elements  such  as  Co,  Cu,  Fe,  Mn 
and  Sn  while  the  alloy  electrode  with  Al  substitution  showed  the 
minimum  discharge  capacity  which  was  only  185.4  mAh/g.  Based 
on  the  effects  of  Al  and  Co  substitution  for  Ni  on  the  electro¬ 
chemical  properties  for  La-Mg-Ni-system  hydrogen  storage  alloys 
respectively,  it  is  expected  that  the  combination  of  Al  and  Co  which 
are  used  as  a  group  of  substitution  elements  may  yield  alloys  with 
superior  electrochemical  performances.  As  a  result,  it  is  essential 
and  important  to  study  the  correlations  of  Co  and  Al  on  micro¬ 
structures  and  electrochemical  performances  of  La-Mg-Ni  system 
alloys  for  the  further  commercial  applications. 

In  our  previous  research,  we  found  that  the  addition  of  Gd  with 
proper  content  can  improve  the  overall  electrochemical  properties 
of  the  alloy  electrodes  effectively  and  the  alloy  with  chemical 
composition  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.5  possesses  good  electro¬ 
chemical  performances  such  as  discharge  capacity  and  cyclic  sta¬ 
bility.  So  in  this  paper,  Lao.6Gdo.2Mgo.2Ni3.oCoo.5-xAlx  (x  =  0-0.5) 
alloys  were  prepared  and  the  effects  of  substituting  Al  for  Co  on 
microstructures  and  electrochemical  properties  were  investigated 
systematically. 

2.  Experimental 

La0.6Gdo.2Mgo.2Ni3.oCoo.5-xAlx  (x  =  0-0.5)  hydrogen  storage  al¬ 
loys  were  prepared  by  vacuum  induction  melting  on  a  water-cooled 
cooper  crucible  under  0.2  MPa  argon  atmosphere  followed  by 
annealing  treatment  at  1173  K  for  8  h.  Due  to  the  high  vapor 
pressure  of  Mg  element,  an  appropriate  excess  (10  wt.%)  of  Mg 
element  was  necessary.  The  purity  of  all  elements  was  above 
99.9  wt.%. 

The  annealed  alloys  were  mechanically  crushed  and  ground  into 
powders  of  400  mesh  size  for  X-ray  diffraction  (XRD)  measure¬ 
ments  and  into  powders  of  300-400  mesh  size  for  electrode  test. 
The  crystal  structures  were  determined  by  XRD  analyses  which 
were  carried  out  by  a  Rigaku  D/max-2500  diffractometer.  The 
diffraction  was  performed  with  Cu  Kal  radiation  filtered  by 
graphite.  The  experimental  parameters  were  40  kV,  200  mA,  and 
4°  min-1.  Then  the  collected  data  were  analyzed  by  the  Rietveld 
method  using  Fullprof  2I<  software  to  get  the  lattice  parameters  and 
phase  abundance. 

All  the  test  electrodes  were  prepared  by  cold  pressing  the 
mixture  of  0.1  g  alloy  powder  and  0.3  g  carbonyl  nickel  powder 
under  15  MPa  pressure  to  form  a  pellet  of  10  mm  in  diameter.  The 
additive  carbonyl  nickel  powder  was  used  to  increase  the  electro- 
catalytic  activity  and  decrease  the  electrochemical  reaction  resis¬ 
tance  of  the  alloy  electrodes.  Then  the  pellet  was  sandwiched  within 


two  foamed  Ni  plates  with  a  Ni  wire  soldered  on  to  form  a  negative 
electrode.  The  electrodes  were  immersed  in  6  M  KOH  solution  for  6  h 
in  order  to  wet  thoroughly  before  electrochemical  measurements. 
Electrochemical  measurements  were  performed  at  298  I<  in  a 
standard  open  tri-electrode  electrolysis  cell  consisting  of  a  working 
electrode  (the  MH  electrode  for  studying),  a  sintered  Ni(OH)2/ 
NiOOH  counter  electrode  with  excess  capacity  and  a  Hg/HgO 
reference  electrode,  immersed  in  the  electrolyte  of  6  M  KOH  solu¬ 
tion.  For  activation,  each  electrode  was  charged  at  60  mA  g_1  for 

7.5  h  followed  by  a  10  min  rest  and  then  discharged  at  60  mA  g_1  to 
the  cut  off  potential  of  -0.6  V  (vs.  Hg/HgO  reference  electrode).  For 
cycling  test,  the  activated  electrode  was  charged  at  100  mA  g-1  for 

4.5  h  followed  by  a  10  min  rest  and  then  discharged  at  300  mA  g-1  to 
the  cut  off  potential  of  -0.6  V  (vs.  Hg/HgO  reference  electrode).  The 
high  rate  dischargeablity  (HRD)  of  the  alloy  electrodes  was  deter¬ 
mined  by  examining  the  discharge  capacity  at  various  discharge 
current  densities  and  defined  as  the  following  equation: 

HRDj  =  — -C — x  100%  (1) 

W  +  M00 

where  Q  is  the  discharge  capacity  with  a  cut-off  potential  of  -0.6  V 
(vs.  Hg/HgO  reference  electrode)  at  i  current  density,  Cioo  is  the 
residual  discharge  capacity  to  the  same  cut-off  potential  at  current 
density  i  =  100  mA  g_1  after  the  alloy  electrode  is  discharged  at 
current  density  i.  The  data  were  collected  in  an  automatic  Arbin 
MSTAT  battery  testing  instrument. 

To  investigate  the  mechanism  of  discharge  capacity  degradation 
and  the  kinetics  character  of  alloy  electrodes,  linear  polarization, 
Tafel  polarization,  and  potential-step  discharge  method  were  per¬ 
formed  on  Princeton  VersaSTAT  MC  electrochemical  work  station 
after  alloy  electrodes  were  fully  activated.  The  linear  polarization 
curves  and  the  Tafel  polarization  curves  were  measured  by  scan¬ 
ning  the  electrode  potential  at  a  rate  of  0.1  mV  s-1  from  -5  to  5  mV 
(vs.  open  circuit  potential)  and  5  mV  s_1  from  -1.2  V  to  -0.2  V  (vs. 
Hg/HgO  reference  electrode),  respectively,  at  50%  depth  of 
discharge  (DOD).  The  hydrogen  diffusion  coefficient  was  estimated 
by  the  potential-step  discharge  method.  The  experiment  was  car¬ 
ried  out  on  Princeton  VersaSTAT  MC  electrochemical  work  station. 
The  full-charged  electrodes  were  discharged  at  an  overpotential 
of  +600  mV  for  4000  s.  In  addition,  the  microstructure  evolution  of 
the  alloy  particles  after  certain  charge/discharge  cycles  was 
observed  by  scanning  electron  microscope  (SEM)  on  a  CS3400 
instrument. 

3.  Results  and  discussion 

3.1.  Crystal  structures 

Fig.  1  shows  the  XRD  patterns  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.5-xAlx 
(x  =  0-0.5)  hydrogen  storage  alloys.  As  shown  in  Fig.  1,  the  phase 
structures  of  the  alloys  were  changed  with  Al  substitution  for  Co. 
Fig.  2  illustrates  the  example  of  XRD  pattern  and  Rietveld  analysis 
pattern  of  the  Lao.6Gdo.2Mgo.2Ni3.oCoo.4Alo.!  alloy.  Fig.  3  shows  the 
phase  structure  of  the  alloys.  Phase  abundance,  lattice  parameters 
and  unit  cell  volumes  are  listed  in  'able  1,  which  were  calculated 
from  the  data  of  Fig.  1  with  Rietveld  method.  As  seen  from  Fig.  1  and 
Table  1,  all  alloys  have  multiphase  structures  including  (La,  Mg)2Ni7 
phase,  (La,  Mg)  N^  phase  and  LaNi5  phase.  From  Table  1  and  Fig.  3, 
it  can  be  found  that  as  Al  content  increasing,  the  abundance  of  (La, 
Mg)2Ni7  phase  decreases  from  91.09%  (x  =  0)  to  89.31%  (x  =  0.1) 
slightly  and  then  decreases  to  37.98%  (x  =  0.5)  while  the  abun¬ 
dances  of  LaNi5  phase  and  (La,  Mg)Ni3  phase  increase  directly  from 
3.11%  (x  =  0)  to  46.76%  (x  =  0.5)  and  from  5.80%  (x  =  0)  to  15.26% 
(x  =  0.5),  respectively.  The  results  of  structure  analyses  show  that  Al 
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Fig.  1.  XRD  patterns  of  Lao.6Gdo.2Mgo.2Ni3.0Coo.5-xAlx  (x  =  0-0.5)  alloys. 


addition  causes  the  transformation  of  (La,  Mg)2Ni7,  (La,  Mg)Ni3  and 
LaNis  phases.  When  the  amount  of  Al  increases,  the  structure  of  (La, 
Mg)2Ni7  phase  become  unstable  and  decompose  into  (La,  Mg)Ni3 
and  LaNis  phases  which  is  the  same  trend  as  previous  research  13]. 
In  addition,  the  unit  cell  volumes  of  various  phases  increase  linearly 
with  increasing  x,  which  is  mainly  attributed  to  the  atomic  radius  of 
Al  (1.82  A)  is  larger  than  that  of  Co  (1.67  A). 


3.2.  Activation  performance  and  discharge  capacity 

Fig.  4  shows  the  activation  curves  of  Lao.6Gdo.2Mgo.2Ni3.o- 
Coo.5-xA1x  (x  =  0-0.5)  alloy  electrodes.  Electrochemical 


Fig.  2.  Example  of  XRD  pattern  and  Rietveld  analysis  pattern  of  Lao.6Gdo.2Mgo.2Ni3.o- 
C00.4AI0.1  alloy. 


Al  content  (x) 

Fig.  3.  Phase  structure  of  Lao.6Gd0.2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  alloys. 

characteristics  of  the  alloy  electrodes  are  summarized  in  Table  2. 
The  results  show  that  all  alloy  electrodes  possess  excellent  activa¬ 
tion  capability  and  can  be  fully  activated  within  three  cycles  which 
would  make  them  attractive  in  practical  applications.  Meanwhile,  it 
can  be  seen  that  Al  substitution  for  Co  can  evidently  influence  the 
discharge  capacity  of  alloy  electrodes.  The  maximum  discharge 
capacity  of  the  alloy  electrodes  is  about  390  mAh/g  when  x  <  0.1, 
when  x  >  0.2,  the  discharge  capacity  decreases  from  384.3  mAh/g 
(x  =  0.2)  to  308.4  mAh/g  (x  =  0.5)  gradually  with  increasing  Al 
content.  According  to  the  phase  structure  analysis,  it  can  be  found 
that  as  the  Al  content  increasing,  the  abundance  of  (La,  Mg)2Ni7 
phase  decreases  while  that  of  LaNi5  phase  increases  remarkably.  It 
is  known  that  the  discharge  capacity  of  alloy  electrodes  with  (La, 
Mg)2Ni7  phase  is  lager  than  that  of  the  LaNi5  phase  14,15  .  Hence, 
the  decreasing  discharge  capacity  with  Al  substitution  can  be 
mainly  attributed  to  the  transformation  of  the  phase  abundance  in 
alloys. 

3.3.  Cyclic  stability 

The  cycling  life  of  the  La-Mg-Ni  system  hydrogen  storage  alloy 
electrodes  is  the  key  problem  for  their  practical  applications.  Fig.  5 


Table  1 

Characteristics  of  phases  in  Lao.6Gdo.2Mgo.2Ni3.0Coo.5_xAlx  (x  =  0—0.5)  alloys. 


X 

Phase  type 

Phase 

abundance 

(wt%) 

Lattice  constant  (A) 

Cell  volume 

(A3) 

a 

c 

0 

LaNi5 

3.11 

5.027 

3.979 

87.08 

(La,  Mg)Ni3 

5.80 

4.969 

24.878 

531.95 

(La,  Mg)2Ni7 

91.09 

5.039 

24.286 

534.04 

0.1 

LaNi5 

4.63 

5.032 

3.988 

87.45 

(La,  Mg)Ni3 

6.06 

4.985 

24.885 

535.53 

(La,  Mg)2Ni7 

89.31 

5.044 

24.321 

535.87 

0.2 

LaNis 

12.99 

5.036 

4.014 

88.16 

(La,  Mg)Ni3 

9.69 

5.046 

24.345 

536.81 

(La,  Mg)2Ni7 

77.32 

5.053 

24.386 

539.23 

0.3 

LaNis 

27.45 

5.043 

4.026 

88.67 

(La,  Mg)Ni3 

12.27 

5.051 

24.316 

537.15 

(La,  Mg)2Ni7 

60.28 

5.057 

24.442 

541.32 

0.4 

LaNis 

38.53 

5.051 

4.037 

89.20 

(La,  Mg)Ni3 

13.69 

5.048 

24.390 

538.23 

(La,  Mg)2Ni7 

47.78 

5.064 

24.497 

544.04 

0.5 

LaNis 

46.76 

5.062 

4.046 

89.78 

(La,  Mg)Ni3 

15.26 

5.052 

24.435 

540.02 

(La,  Mg)2Ni7 

37.98 

5.071 

24.505 

545.72 
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Fig.  4.  Activation  curves  of  Lao.eGdo^Mgo^Nh.oCoo.s-xAl*  (x  =  0-0.5)  alloy  electrodes 
at  298  K. 

illustrates  the  cyclic  stability  curves  of  Lao.6Gdo.2Mgo.2Ni3.o- 
Coo.5-xA1x  (x  =  0-0.5)  alloy  electrodes.  The  figure  reveals  that  the 
discharge  capacity  retention  of  all  alloy  electrodes  decays  gradually 
with  cycle  number  increasing.  Moreover,  it  can  be  seen  that  the 
curves  of  the  alloy  electrodes  with  0.1  <  x  <  0.3  become  flatter  than 
that  of  the  other  curves,  which  indicates  the  cyclic  stability  of  these 
alloy  electrodes  were  noticeably  improved.  From  Table  2,  it  is 
known  that  after  100  charge/discharge  cycles,  the  discharge  ca¬ 
pacity  retention  of  the  alloy  electrodes  increases  from  81.3%  (x  =  0) 
to  91.5%  (x  =  0.1)  firstly,  and  then  decreases  to  76.9%  (x  =  0.5). 

It  is  well  known  that  the  discharge  capacity  degradation  of 
metal-hydride  electrodes  can  be  influenced  primarily  by  two  fac¬ 
tors,  the  surface  passivation  due  to  the  formation  of  surface  oxide/ 
hydroxide  and  pulverization  of  alloy  particles  owing  to  cell  volume 
expansion  during  hydrogen  absorption/desorption  process  [16,17]. 
Fig.  6  shows  SEM  images  of  Lao.6Gdo.2Mgo.2Ni3.oCo0.5-xAlx  (x  =  0, 
0.1,  0.3,  0.5)  alloy  electrodes  before  and  after  different  cycles.  It  is 
evident  that  all  alloy  particles  possess  the  same  status  without 
charge/discharge  cycles.  After  10  cycles,  for  the  samples  of  x  =  0, 
x  =  0.1  and  x  =  0.3,  there  are  only  a  few  fine  cracks  appeared  on  the 
alloy  surface  while  the  sample  ofx  =  0.5  displays  more  cracks.  After 
20  cycles,  the  cracks  condition  of  x  =  0.1  is  still  not  change  a  lot. 
However,  the  samples  of  x  =  0  and  x  =  0.3  show  more  and  deeper 
cracks  than  themselves  after  10  cycles.  The  sample  ofx  =  0.5  reveals 
a  large  amount  of  cracks  and  the  alloy  has  been  crumbled  into  many 
small  particles.  Based  on  the  microstructure  analyses,  the  unit  cell 
volumes  of  various  phases  increase  linearly  with  increasing  Al 
content  which  reduce  the  volume  expansion/contraction  during 
the  charge/discharge  cycles  of  the  alloy  electrodes  and  lower  the 
pulverization  process  of  alloy  electrodes.  As  a  result,  the  alloy 
electrode  with  x  =  0.1  reveals  better  anti-pulverization  capability 


Table  2 

Electrochemical  characteristics  of  Lao.6Gd02Mgo.2Ni3.oCc>o.5_xAlx  (x  =  0—0.5)  alloy 
electrodes. 


Sample 

Naa 

Cm  ax  (mAh/g) 

S100  (%) 

icon-  (mA  cm  2) 

0 

o' 

X 

2 

391.5 

81.3 

16.5 

x  =  0.1 

2 

389.8 

91.5 

8.9 

x  =  0.2 

3 

384.3 

89.1 

10.1 

x  =  0.3 

3 

362.3 

86.5 

12.1 

x  =  0.4 

3 

339.4 

81.1 

16.8 

x  =  0.5 

3 

308.4 

76.9 

17.9 

a  The  cycle  numbers  needed  to  activate  the  electrodes. 


Fig.  5.  Cyclic  stability  curves  of  La0.6Gdo.2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  alloy  elec¬ 
trodes  at  298  K. 

than  the  alloy  without  Al  substitution.  However,  (La,  Mg^N^ 
phase,  LaNis  phase  and  (La,  Mg)  Ni3  phase  exhibit  different  cell 
volume  expansions  during  the  charge/discharge  cycles  18].  As  Al 
content  increasing  further  (x  >  0.1),  more  and  more  (La,  Mg^Niy 
phase  transforms  to  LaNis  phase  and  (La,  Mg)  Ni3  phase  which 
increases  the  discrete  volume  expansion  among  different  phases 
and  accelerates  the  pulverization  rate  of  the  alloys  during  cycles. 
The  results  about  the  differences  of  crack  condition  between  alloy 
particles  and  the  analyses  for  discharge  capacity  retention  confirm 
that  the  proper  Al  substitution  for  Co  (0.1  <  x  <  0.3)  can  slow  down 
the  pulverization  process  and  improve  the  cyclic  stability  of  the 
alloy  electrodes. 

It  is  come  to  light  that  the  oxidation/corrosion  rates  of  the  alloy 
electrodes  in  the  alkaline  electrolyte  can  be  characterized  by  the 
corrosion  current  density  icorr  which  can  be  determined  by  the  Tafel 
extrapolation  method  [19].  Fig.  7  shows  the  Tafel  polarization 
curves  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  alloy  electrodes 
and  the  corrosion  current  density  icorr  can  be  obtained  and  listed  in 
Table  2.  It  can  be  seen  that  the  order  of  iC0IT  is:  x  =  0.5  >  x  =  0  and 
x  =  0.4  >  x  =  0.3  >  x  =  0.2  >  x  =  0.1.  The  results  about  the  icorr  reveal 
that  the  anti-oxidation  capability  order  of  the  alloy  electrodes  is: 
x  =  0.1  >  x  =  0.2  >  x  =  0.3  >  x  =  0  and  x  =  0.4  >  x  =  0.5  which  is  in 
accordance  with  the  variation  of  cyclic  stability  of  the  alloy  elec¬ 
trodes.  Synthesize  discharge  capacity  and  cyclic  stability,  the  alloy 
electrode  with  x  =  0.1  possesses  better  electrochemical  properties 
than  others. 

3.4.  High  rate  dischargeability 

The  high  rate  dischargeability  reflects  the  electrochemical 
hydrogen  storage  kinetics  of  the  alloy  electrodes  which  has  been 
regarded  as  an  important  factor  for  Ni/MH  batteries.  Fig.  8  shows 
the  effect  of  discharge  current  density  (300-900  mA  g-1)  on  the 
high  rate  dischargeability  (HRD)  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.5_xAlx 
(x  =  0-0.5)  alloy  electrodes.  It  can  be  seen  that  the  HRDs  of  the 
alloy  electrodes  are  almost  unchanged  when  x  <  0.1,  and  then 
decrease  when  x  >  0.2.  fable  3  lists  the  HRDs  of  the  alloy  electrodes 
at  discharge  current  density  of  900  mA  g-1.  From  fable  3,  it  can  be 
found  that  the  HRD900  decreases  from  79.3%  (x  =  0)  to  78.4% 
(x  =  0.1)  slightly,  and  then  decreases  gradually  to  60.5%  (x  =  0.5). 

It  is  known  that  the  HRD  characteristic  stands  for  overall  kinetic 
properties  and  is  influenced  mainly  by  charge  transfer  on  surface  of 
alloy  electrodes  and  hydrogen  diffusion  in  alloy  bulk  [20  .  To 
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Fig.  6.  SEM  images  of  Lao.eGdo^Mgo^Nh.oCoo.s-xAl*  (x  =  0,  0.1,  0.3,  0.5)  alloy  electrodes  before  and  after  cycling:  (al,  bl,  cl,  dl)  x  =  0,  0.1,  0.3,  0.5  alloy  electrodes  before  cycling 
respectively:  (a2,  b2,  c2,  d2)  x  =  0,  0.1,  0.3,  0.5  alloy  electrodes  after  10  cycles  respectively:  (a3,  b3,  c3,  d3)  x  =  0,  0.1,  0.3,  0.5  alloy  electrodes  after  20  cycles  respectively. 


Fig.  7.  Tafel  polarization  curves  of  La0.6Gdo2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  alloy 
electrodes  at  50%  DOD  and  298  K. 


Fig.  8.  High  rate  dischargeability  (HRD)  of  Lao.6Gdo.2Mgo.2Ni3.oCo0.5_xAlx  (x  =  0-0.5) 
alloy  electrodes  at  298  K. 
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Table  3 

Electrochemical  kinetic  parameters  of  Lao.6Gdo.2Mgo.2Ni3.oCo0.5_xAlx  (x  =  0—0.5) 
alloy  electrodes. 


Sample 

hrd900  (%) 

/0  (mA  g 

Do  (cm2  s'1) 

x  =  0 

79.3 

309.1 

3.3  x  10~10 

x  =  0.1 

78.4 

305.4 

3.5  x  10~10 

x  =  0.2 

74.4 

289.9 

4.1  x  10'10 

x  =  0.3 

69.2 

277.2 

4.4  x  10~10 

x  =  0.4 

65.3 

267.7 

4.9  x  10~10 

x  =  0.5 

60.5 

259.2 

5.7  x  10~10 

investigate  the  effect  of  the  partial  substitution  of  Al  for  Co  on  the 
discharge  kinetics,  linear  polarization,  potential-step  discharge 
experiment  were  performed  on  these  alloy  electrodes.  Table  3 
summarized  the  kinetic  characteristics  of  Lao.6Gdo.2Mgo.2Ni3.o- 
Coo.5-*A1x  (x  =  0-0.5)  alloy  electrodes.  Exchange  current  density  /o, 
as  an  important  kinetic  parameter,  is  used  to  evaluate  the  speed  of 
charge  transfer  on  surface  of  alloy  electrodes  and  can  be  calculated 
according  to  the  following  equation  [21  : 

=  ^  (2) 

rr\ 

where  R  is  the  gas  constant,  T  is  the  absolute  temperature,  F  is  the 
Faraday  constant,  Id  is  the  applied  current  density  and  7]  is  the 
overpotential.  Fig.  9  shows  the  linear  polarization  curves  of  the 
alloy  electrodes  at  50%  DOD  and  298  K.  As  shown  in  Fig.  9  and 
Table  3,  7o  decreases  from  309.1  mA  g-1  (x  =  0)  to  259.2  mA  g-1 
(x  =  0.5).  After  Al  substitution  for  Co,  Al  oxide  films  formed  on  alloy 
surfaces  and  the  content  of  oxide  gradually  increases  with 
increasing  Al  content.  The  increasing  oxide  content  on  alloy  sur¬ 
faces  leads  to  the  increase  of  the  charge  transfer  resistance  and 
lower  the  exchange  current  density  /o. 

Besides  /o,  the  hydrogen  diffusion  coefficient  Do  is  the  other 
important  kinetic  parameter  which  is  used  to  describe  the 
hydrogen  diffusivity  in  the  bulk  of  the  alloys  and  can  be  attained 
according  to  the  following  equation  [22]: 


logi 


6FD(C0  -  Cs)\ 
da2  ) 


7T2  D0 
2.303  a 2 


where  i,  Do,  Co,  Cs,  d,  a  and  t  are  the  diffusion  current  density  (A  g-1 ), 
the  hydrogen  diffusion  coefficient  (cm2  s-1),  the  initial  hydrogen 
concentration  in  the  bulk  of  the  alloy  (mol  cm-3),  the  hydrogen 
concentration  on  the  surface  of  the  alloy  particles  (mol  cm-3),  the 
density  of  the  hydrogen  storage  alloy  (g  cm-3),  the  alloy  particle 
radius  (cm)  and  the  discharge  time(s),  respectively.  Fig.  10  repre¬ 
sents  the  semilogarithmic  curves  of  anodic  current-discharge  time 
response  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.s-xAlx  (x  =  0-0.5)  alloys  elec¬ 
trodes  at  fully  charged  state  and  298  K.  Do  value  can  be  estimated 
according  to  the  slop  of  log(i)  versus  tby  Equation  (3)  and  are  listed 
in  Table  3.  It  can  be  seen  that  the  hydrogen  diffusion  coefficient  Do 
increases  with  the  Al  content  increasing  and  reaches  the  maximum 
when  x  =  0.5.  It  is  found  that  the  presence  of  multiphase  interfaces 
can  provide  channels  for  hydrogen  diffusion  and  increase  the 
hydrogen  atoms  desorbing  from  the  hydride  reaction  [23].  It  is 
known  that  the  abundance  of  LaNis  phase  and  (La,  Mg)Ni3  phase 
increases  with  Al  content  increasing  which  can  provide  larger  area 
of  interface.  The  increasing  area  of  interface  leads  to  the  improve¬ 
ment  of  hydrogen  diffusion  for  Lao.6Gdo.2Mgo.2Ni3.oCoo.5-xAlx 
(x  =  0-0.5)  alloy  electrodes.  Combining  exchange  current  density  /o 
and  the  hydrogen  diffusion  coefficient  Do,  it  can  be  observed  that 
the  variation  of  /o  is  in  good  agreement  with  that  of  the  HRD900, 
which  indicates  that  the  charge  transfer  on  alloy  surface  is  more 
important  for  the  electrochemical  kinetic  properties  of  alloy 
electrodes. 


4.  Conclusions 

In  this  paper,  the  crystal  structure  and  electrochemical  perfor¬ 
mance  of  La0.6Gdo.2Mgo.2Ni3.oCoo.5-xAlx  (x  =  0-0.5)  hydrogen 
storage  alloys  have  been  studied  systematically.  Some  conclusions 
can  be  summarized  as  follows: 

1.  All  alloys  are  composed  of  (La,  Mg^Niy  phase,  (La,  Mg)Ni3  phase 
and  LaNis  phase.  As  Al  content  increasing,  the  (La,  Mg^Niy 
phase  were  decomposed  into  (La,  Mg)Ni3  and  LaNis  phase  and 
the  abundance  of  (La,  Mg^Niy  phase  decreases  from  91.09% 
(x  =  0)  to  37.98%  (x  =  0.5)  while  the  abundance  of  (La,  Mg)Ni3 
and  LaNi5  phase  increase  linearly. 

2.  All  alloy  electrodes  exhibit  the  perfect  activation  properties  and 
the  maximum  discharge  capacity  of  the  alloy  electrodes  de¬ 
creases  with  increasing  Al  content.  The  cyclic  stability  of  alloy 


Ovcrpotcntial(mV) 

Fig.  9.  Linear  polarization  curves  of  Lao.6Gdo.2Mgo.2Ni3.oCoo.5_xAlx  (x  =  0-0.5)  alloy 
electrodes  at  50%  DOD  and  298  K. 


Fig.  10.  Semilogarithmic  curves  of  anodic  current-discharge  time  response  of 
Lao.6Gdo.2Mgo.2Ni3.oCo0.5_xAlx  (x  =  0-0.5)  alloys  electrodes  at  fully  charged  state  and 
298  K. 
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electrodes  are  improved  from  81.3%  (x  =  0)  to  91.5%  (x  =  0.1) 
which  is  attributed  to  the  lower  pulverization  rate  and  the 
better  anti-corrosion  capability  of  the  alloy  electrodes  after 
proper  Al  substitution  for  Co. 

3.  The  HRDs  of  the  alloy  electrodes  decrease  with  Al  content 
increasing.  The  HRDs  analyses  reveal  that  the  charge  transfer  on 
alloy  surface  is  more  important  than  the  hydrogen  diffusion  in 
alloy  bulk  for  the  kinetic  properties  of  the  alloy  electrodes. 
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